ABSTRACT The emergence of connected and automated vehicles technology is beneficial in the enhancement of traffic flow performance, in particular, traffic stream stability and roadway capacity. However, the reliability of the shared information among vehicles is usually negligible in the existing systems. In this paper, a stochastic traffic flow model was developed under connected environment to reveal the impact of information reliability on traffic stream, and the analytical study was conducted by applying the expansion of the Fourier mode. The results showed that the reliability of information is closely related to the vehicular stream stability. The modified Korteweg-de Vries (mKdV) equation was obtained by using the nonlinear analysis approach. Consequently, the analytical solution of the derived mKdV equation was attained, which could describe the observed congestion phenomena. Furthermore, the impact of information reliability on traffic flow was verified under two connected scenarios: first, the impact of stochastic available information on the stability of traffic system was investigated, and second, the influence of time interval of reliable information lasted on traffic flow dynamics was explored, wherein the reliable information followed a discrete uniform distribution.
I. INTRODUCTION
Connectivity is increasing around the world and its expansion to vehicles is no exception. Significant progress has been made in the development of connected and automated vehicles (CAVs), and the impact of these new technologies on traffic flow dynamics has drawn extensive attention from different research fields [1] . In a vehicle-to-vehicle (V2V) and vehicle-to-infrastructure (V2I) communication environment, a vehicle can access the shared information from other preceding vehicles, which can help the vehicles drive more safely and smoothly. These technologies motivate researchers to explore how to use the shared information to enhance traffic stream performance and safety. The original framework was proposed by Varaiya [2] . Since then, numerical studies from different perspectives have been developed to smooth traffic flow [3] - [5] , enhance traffic flow stability [6] , [7] and traffic safety [8] , [9] , and optimize signal intersection [10] . In fact, the studies on cooperative driving in the past decades essentially belong to the category of connected vehicles (CVs). These studies assume that each vehicle moves with perfect information. Such models mainly include cellular automaton traffic flow model [11] , [12] and car-following model [13] - [16] .
Some studies have developed comprehensive simulation methods to model driver's behavior under CVs environment, and the connectivity of V2V and V2I communication networks was also investigated using the Federal Highway Administration Next Generation Simulation [17] . Using a new framework with distinct communication capabilities for different vehicle types, Talebpour et al. [18] analyzed stability of the resulting traffic flow characteristics with different market penetration rates of CAVs. They reported that CAVs could enhance string stability and increase throughput [20] . This study assumed that the shared information could be fully connected; however, practical aspect indicates that vehicles cannot always receive the immediate information perfectly. Moreover, the scenario of mixed traffic flow consisting of regular, connected, and autonomous vehicles would last for a long time before the advent of scenario with full CAVs. To investigate the heterogeneity of traffic flow scenario, Talebpour et al. [19] used continuum percolation theory to study the dynamics of vehicular system. They also investigated in detail the information transfer and the penetration rate of CAVs on string stability [21] . Based on the CAVs technology, Xie et al. [20] developed a generic car following framework to model the influence of the proportion of CVs on heterogeneous traffic. As a consequence, a new feed-back control method was proposed to stabilize traffic stream [22] .
The connected environment and automated vehicle technologies make smooth vehicles driving possible. With the advent of new technologies, Van Arem et al. [21] investigated how the CAVs affected the traffic-flow stability and the merging scenario. Liu et al. [22] formulated an optimal control problem about fuel consumption of a single vehicle, and the optimal vehicular trajectory was derived. Consequently, a new control strategy was presented to smooth traffic stream and to reduce the average fuel consumption. Kamal et al. [23] designed a vehicle driving system to alleviate traffic congestion by considering a predicting downstream traffic condition. By using the new technologies, Li et al. [24] formulated a new traffic flow model to alleviate traffic oscillation and reduce its adverse impacts on environment.
Besides controlling a single vehicle, organizing the traffic in platoons can dramatically increase traffic capacity. In an intelligent vehicle highway system, Godbole et al. [25] proposed an effective control scheme to achieve a perfect balance between passenger comfort and safety. Alvarez and Horowitz [26] designed state dependent safety regions in which the state of the platoons was maintained. By using the inclusion principle, Stankovic et al. [27] presented a novel control method, and a new dynamic platoon controller structure was obtained. According to literature, intraplatoon information plays an important role in transportation system. The shared driving behaviors from other CVs in a platoon can mitigate communication delay, which then improves traffic flow safety [28] . Zhou et al. [29] proposed a parsimonious shooting heuristic algorithm to control a stream of vehicle trajectories on a highway under CAVs environment. This algorithm breaks the trajectory of vehicles into a few sections, and each section can be solved analytically. Based on this theoretical foundation, Ma et al. [30] proposed a holistic optimization scheme to control trajectories of a vehicle platoon, which targets obtaining the optimum traffic control strategies on traffic system and environment.
The above mentioned studies mainly focus on the potentials of new technologies. Notably, the premise of these potentials is that all the CVs can accurately obtain information about other vehicles in a connected environment. However, affected by various factors, in reality perfect information transmission does not always hold. Therefore, in order to investigate the effect of communication reliability on dynamics of vehicular system under an accident, the trajectories of vehicles were described by using a simulation method [31] . Besides the study of the communication reliability in literature report [31] , the impacts of the inter vehicle communication (IVC) reliability on energy consumption and exhaust emissions were also studied in an incident [32] . Tang's studies focused on the reliability of CVs in a special scenario, i.e., accident. In live traffic condition, the shared information may not always be available even without the occurrence of accident. Moreover, their work was mainly carried out by using a simulation method. In real world, if CVs cannot access accurate information from communication networks, drivers do not come to know about the downstream traffic condition and they behave like drivers with regular vehicles. Thus, the loss of communication in this case directly affects the stability of vehicular stream. Therefore, it is necessary to explore the effect of reliability of information in regular scenarios on stability of vehicular system by using an appropriate analytical method. The effective methods include linearized stability approach and reductive method. In this study, these two methods were utilized to obtain the neutral stability condition and kink solutions, which could reflect how the information reliability affects stability of vehicular stream in connected environment.
The contributions of this study are as follows: (1) a stochastic traffic flow model was proposed by considering the information reliability; (2) Fourier mode was used to analyze the impact of communication availability on vehicular system, and then a linear neutral stability line was obtained; (3) nonlinear analysis was used to study the nonlinear characteristics of the proposed model; and (4) simulations were conducted to investigate the effect of information reliability on transportation system in two stochastic connected scenarios.
II. MODELS
For the regular microscopic traffic flow model, the motion of vehicles is determined by drivers' perception about the direct headway and the estimated driving behavior of next vehicle. However, for the CVs, the motion of vehicles is determined by both the drivers' perception and the shared information from the preceding vehicles.
A. REGULAR CAR-FOLLOWING MODEL
Bando et al. [33] proposed optimal velocity (OV) car-following model in 1995. The OV model (OVM) was extended from different aspects because it could describe the observed traffic characteristics, such as stop-and-go traffic, phase transitions, etc. The OVM can be described as follows [33] :
where α is a constant sensitivity of driver, which is the inverse of reaction time for drivers adjusting their velocities to the preferred velocity. Symbols x n and v n , respectively, denote the position and velocity of nth vehicle. x n represents space headway between vehicle n and its immediate vehicle ahead. V (·) is anticipated speed, which is dominated by space headway x n , and the corresponding mathematical expression is:
where x c is safety distance of vehicle n.
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B. CAR-FOLLOWING MODEL FOR CONNECTED VEHICLES
As the V2V communication technology is being advocated, what kind of impact the CVs technology would have on the vehicular system deserves further study. The schematic illustration of the CVs traveling on a single lane is presented in Fig. 1 . Most of the existing researches assume that there is no communication loss in the connected environment. However, the shared information among CVs may not always be available due to the lack in reliability of data transfer. The car-following dynamics of information reliability is described as follows:
where p is the pth preceding vehicle of current vehicle n, l ≤ p, l ∈ {1, 2, · · · , p}.β l is an influence coefficient of the pth preceding vehicle on vehicle n.
δ l is a dummy variable, indicating whether the shared information of lth vehicle is available. 
III. LINEAR STABILITY ANALYSIS
This section describes the investigation of the stability of vehicular system of the stochastic car-following model. The expression of equilibrium steady state solution of (3) is represented below:
where N is the total number of vehicles in system, L is the size of vehicular system, and h is the space headway of steady vehicular system. It is assumed that y n (t) is a small deviation from the steady state solution x n,0 (t),
x n (t) in (3) is replaced with (7), and the following equation is obtained:
where (8) is rewritten as shown below:
where z can be expressed as z = z 1 ik + z 2 (ik) 2 + · · · . The expansions of z are substituted into (9) and higher order terms are ignored, which provides the two roots of z under condition of ik → 0, z → 0. Then, we obtain z 1 = V (h),
The vehicular system is unstable when z 2 is negative and stable when z 2 is positive. Then, the critical stable line derived using z 2 = 0 is as follows:
When some stochastic disturbances occur in the initial uniform vehicular system, the stability of vehicular stream dominated by the following condition holds:
CVs can change the dynamics of traffic flow. Assuming that all the vehicles in connected vehicular system can access the perfect information in connected environment (δ l ≡ 1), (11) shows that the critical sensitivity coefficient consequently decreases with growing received information of preceding vehicles. Unfortunately, the information is not always available and the stable vehicular system thus will be damped. If some shared information is missed, the critical sensitivity α increases which leads to stability reduction of vehicular system.
IV. ANALYSIS OF NONLINEAR STABILITY
Traffic congestion is an important characteristic of vehicular system complexity. It is usually considered as the limit of density wave propagation due to the interaction among vehicles. This section mainly describes the investigation of the kink-antikink solution, which can describe traffic congestion pattern in unstable regions. Herein, slow scales for variable t and j, respectively, in time and space are introduced to investigate the characteristics of stochastic vehicular stream system near critical point (α c , h c ). X and T are slow variables for 0 < ε 1
where b represents a parameter calculated later, space headway can be expressed as follows:
For convenience of analysis, the following formula is obtained according to the model expression (3):
Substituting formulas (12) and (13) into formula (14) , and expanding to the fifth order of ε by using Taylor expansion, the following expression is obtained:
where
At (α c , h c ), α c = α(1 + ε 2 ), considering b = V , and eliminating the quadratic and cubic order terms, (15) can be rewritten as follows:
,
Following transformation is carried out to obtain the standard mKdV equation from (16), i.e.,
(17) and (18) are substituted into (16) , and the deduced equation is given in the following form:
The O(ε) term in (19) is neglected, the standard equation is obtained, and its density wave can be expressed as follows;
where c is the backward evolution velocity of density wave.
Assuming R (X , T ) = R 0 (X , T ) + εR 1 (X , T ), according to the solvable condition
. The propagation speed of density oscillation is given as follows:
Then, the kink-antikink solution can be expressed as follows:
The amplitude of the soliton A can be expressed as follows:
. (11) shows that any preceding information accessed randomly makes the vehicular stream more stable. Nonetheless, the weights of received data are different. The smaller the ordinal number (l in (25) ), the greater the weight (β l ). Fig. 2 presents the critical stable line and the coexisting line for the stochastic information cases and perfect information case, respectively. The dashed line is the neutral line obtained from linear analysis and the solid line is the coexisting line derived by using the mKdV equation. Fig. 2 exhibits that when no information is missed, the critical sensitivity is the smallest in the phase diagram (black line). The neutral line and the coexisting line with stochastic information are also shown in Fig. 2 . The curves drop with the consideration of the preceding stochastic information. Consequently, the stable regions enlarge and the unstable regions shrink simultaneously.
Noteworthy, the blue line does not correspond to the second preceding headway information available. It is the fourth headway information. The cyan line is consistent with the second preceding headway information. This indicates that vehicle's behavior is mainly influenced by its direct preceding vehicle and the effect of further information from preceding vehicles decreases gradually (see (4)). 
V. NUMERICAL TESTS
The influence of information reliability on dynamics of vehicular system in connected environment was studied analytically. The best way to test the quality of a mathematical model is to validate it by using the empirical data. However, the data of CVs are hard to obtain due to very low penetration rate of CVs. Numerical simulation is a good way to know the impact of information reliability on traffic stream dynamics. This section describes the numerical simulations conducted to help understand the results of theoretical analysis more intuitively.
It was assumed that all vehicles were CVs and driven by human beings. In a perfect information environment, drivers drive their vehicle according to their perception and the shared information. When CVs cannot receive shared information from other vehicles, they rely on the perceived space headway to drive. The simulations unfold from the following two aspects:
Scenario 1: during the simulation, each driver n can only get driving data of the (n + l)th preceding vehicle, where l is fixed. Considering vehicle n as an example, at each simulation time step, vehicle n receives the information of downstream vehicles, but only one vehicle ahead (the fixed preceding vehicle numbered with constant l, l = 1, 2, 3, · · · , p 1 , see Fig. 1 ).
Scenario 2: it is assumed that reliable information can only last for a fixed period of time. In each time period, vehicles can receive information of one preceding vehicle at a certain probability which follows uniform distribution, i.e., in the current time period, vehicle n receives the information of (n + 3)th vehicle, while in the next time period, the available information may switch to that of (n + 2)th vehicle.
The simulations were conducted on a ring road in connected environment, the size of vehicular system was L = 400 and the number of vehicles on ring road was N = 100. All vehicles and drivers were identical and vehicles were uniformly distributed on the ring road with equilibrium speed (V (L/N )). During simulation, the ''hand of God'' was applied and the forty-ninth vehicle and fiftieth vehicle were 'kicked' out of equilibrium. Thus, the new state of traffic flow can be described as follows:
, n = 50, n = 51 x n − 0.5, n = 50 x n + 0.5, n = 51 (26) A. DYNAMICS OF TRAFFIC FLOW IN SCENARIO 1 This simulation investigates the dynamics of traffic flow in scenario 1. According to the stability condition (11), the corresponding critical sensitivity for the cases with stochastic information (l = 1, 2, 3 or 4) and perfect information was presented, respectively, and listed in Table 1 . For the convenience of demonstrating the impact of information reliability on traffic flow stability, numerical simulation using α = 1.32 was carried out. The simulations lasted for 10300s with the simulation step length set as 0.1 s. To avoid the influence of transient state, the simulation results of first 10 4 s were discarded. First the case with perfect communication assumption (δ l ≡ 1), i.e., every vehicle can receive other vehicles' information, was investigated. According to linear stability condition (11), the value of sensitivity (α = 1.32) was larger than the critical value (α c = 1.02) with perfect information; therefore, the proposed model was stable. This case is shown in Fig. 3(a) , which plots the profiles of vehicles with perfect information at time t = 10 4 s. Clearly, all the vehicles recover to an equilibrium state from the state of disturbed traffic flow, which is well consistent with the analytical results. Then, the cases with imperfect communication, i.e., with communication loss, were simulated. The imperfect communication in this study assumes that each car can only obtain shared data of one of the preceding cars (see Figs. 3(b)-(d) ). These figures present the speed profiles with situations for which only the information of second headway, the third headway, and the fourth headway is available, respectively.
According to the linear stability condition, the critical values of sensitivity α (see table 1) in the above mentioned imperfect communication cases (l = 2, 3, 4, respectively) are greater than the value of sensitivity (α = 1.32); therefore, the out of equilibrium state of traffic flow will not recover to uniform state and the disturbances evolve into stop-and-go waves. Compared to the perfect communication case (Fig. 3(a) ), when the same disturbance occurs in the system, the shared available information of the 4th preceding vehicle can enhance the vehicular stream stability (Fig. 3(d)) ; however, the traffic system is still in an oscillation state. If the 3rd preceding vehicle's information is available (Fig. 3(c) ), the oscillation frequency and fluctuation range are obviously reduced compared to the density curve plotted in Fig. 3(d) . In the case of l = 2, i.e., drivers can obtain the shared data of the second preceding vehicle, the fluctuation of vehicular stream is further narrowed and the vehicular stream tends to be stable. Such phenomena are attributed to the fact that the effect of the shared information is related to the position order of the preceding vehicle, as presented in (4) . Fig. 4 shows vehicles' trajectory in different available information cases. Fig. 4(a) shows the trajectories in perfect communication case. All the vehicles run at the same speed and the traffic system is stable, which match well with the analytical results. Figs. 4(b)-(d) show the effects of stochastic available information on the string stability of vehicular system. Comparative analysis of Figs. 4(d) and 4(a) indicates that the traffic jam occurred because the drivers could not receive enough effective information. The weight of influence coefficient (β l ) is related to the vehicle position; therefore, the oscillation is different from that of the case l = 4. Fig. 4(c) shows that the system performs better than that in the case presented in Fig. 4(d) , but it is still string unstable. The traffic flow shown in Fig. 4(c) tends to minimize the speed gap between the maximum speed and the minimum speed. Fig. 4(b) demonstrates that the influence of the nearest next preceding information is the most effective factor. With the effect of information from the next neighbor vehicle, the disturbance decays as time progresses, but it is still in an unstable state.
Figs. 3 and 4 exhibit that the simulation and analytical results match well with each other, which demonstrates that the new model has the ability to investigate the reliability of communication.
Next, the speed fluctuation in different cases was presented to explore the influence of reliability on vehicular system. In the x − v plane (Fig. 5) , the profiles of the congestion flow are presented by hysteresis loop. The blue loop is the largest one in size which corresponds to the case with l = 4 (driver can only receive the fourth space headway information), the velocity of vehicles ranges from 0.51 to 1.49, and the traffic system falls into a serious stop-and-go traffic congestion. Fig. 5 illustrates that if the data of closer car are available, the hysteresis loop (green loop) shrinks simultaneously. The velocity fluctuation reduces to a smaller loop in the case with l = 2 (red loop), which indicates that the direct next vehicle information acts a more important role. In the full communication assumption, the hysteresis loop shrinks into a black point located at the center of the loops.
B. DYNAMICS OF TRAFFIC FLOW IN SCENARIO 2
Herein, the impact of communication availability with different time periods on dynamics of traffic flow was explored. The influence of different information cycles on vehicular system was studied. The cycles were 1, 5, 10, 15, 20, and 25 s, respectively. During the simulation, following assumptions were made: (1) In each time period, current vehicle can only receive one preceding vehicle's information randomly, i.e., vehicle n randomly receives one vehicle's information from the preceding vehicles with the same probability.
(2) The information availability follows discrete uniform distribution.
The sensitivity coefficient set as α = 1, other parameters are the same as in scenario 1. The speed profiles of the original OVM are selected and used as a benchmark (red line), in which vehicles cannot receive any shared information from other vehicles. Fig. 6 illustrates the velocity distribution at t = 10 4 s with different time periods. Compared to the OVM, stochastic available information reduces oscillation of traffic flow, but different time periods produce different traffic states. The information of preceding vehicles helps drivers make acceleration or brake decisions in advance. Therefore, the vehicles' behavior becomes more moderate (blue line) than that of the vehicles without available information (red line). Besides the positive effect of stochastic information, the negative effect is also observed. Influenced by frequent changes in information, the velocity oscillates with high frequency which demonstrates the occurrence of many small disturbances within the vehicle platoon. Furthermore, Fig. 6 also exhibits that the shared information under different stochastic periods can enhance stability of traffic flow. Figs. 6(a) , (c), (d), and (e) (corresponding to time periods 1, 10, 15, and 20 s, respectively) exhibit two speed peaks, and these fluctuations are almost the same. In the long period (25 s), the disturbance evolves into a kink-antikink wave. Fig. 6(b) shows that the velocity oscillates at a narrow platoon (velocity ranges from 0.3181 to 1.9342), most of cars travel with high speed, and the traffic flow tends to dissolve from congestion state to free flow. Thus, we can conclude that 5 s is the best time interval in an environment with unstable information communication. 
VI. CONCLUSIONS
Many mathematical models have been developed to reveal the implications of connected technology on the traffic dynamics. They mainly consider the potentials of the new technologies VOLUME 7, 2019 on road traffic with perfect information; however, there are relatively few studies on information availability, especially investigated by analytical methods. In this study, the impact of information reliability on vehicular stream dynamics in a connected environment was investigated.
Under the connected environment, a stochastic carfollowing model that can describe information reliability was proposed and the analytical stable condition was obtained. The analytical result demonstrates that the stability of vehicular system is related to the reliability of information communication of CVs. To further study the influence of the information reliability, this new model was investigated by the reductive disturbance means and the coexisting curves were obtained. The nonlinear analysis results also showed the obvious influence of information availability on traffic dynamics. The theoretical studies revealed that the stability of vehicular system improved even with the situation of communication loss. Based on the theoretical analysis results, the stability phase diagrams were plotted which showed that the information loss could damper the stability of traffic system. We also found that the location of available information exhibited significantly different impact on the stability of vehicular system. With the closer received information, the vehicular system became more stable. The impact of information reliability was simulated in two scenarios. In the first scenario, the impact of stochastic information was compared with the impact of perfect information, which showed that the proposed stochastic traffic flow model could suppress stochastic disturbances and then stabilize the vehicular system with the stochastic information; however, the improvement was not as good as in the fully connected case. In the second scenario, it was assumed that the available information followed the discrete uniform distribution. Based on this assumption, the influence of time interval of communication availability on traffic flow dynamics was investigated. Simulation results indicated that the time interval of 5 s leads to a tendency towards free flow, while larger stochastic period (25 s) leads to the evolution of the vehicular stream into a kink-antikink wave.
